ABSTRACT The postdiapause development, hatching characteristics, and survival of the overwintering eggs of the grasshopper species Oedaleus asiaticus Bei-Bienko, Angaracris barabensis (Pallas), and Chorthippus dubius (Zubowsky) from the Inner Mogolian steppe grasslands were studied at six constant temperatures (15, 20, 25, 30, 35, and 40ЊC). The results show that the three species had different postdiapause embryonic developmental rates, survival curves, and cumulative hatching probabilities. O. asiaticus had the highest developmental threshold at 13.1ЊC and the least effective accumulated thermal unit, 191.7 degree-days (DD). A. barabensis had the lowest developmental threshold at 11.1ЊC and the most effective accumulated thermal unit, 329.7 DD. C. dubius, a later hatching species, had a moderate developmental threshold of 11.4ЊC and an effective accumulated thermal unit of 230.3 DD. The effective thermal unit at which 50% of postdiapause eggs hatched was 202.7 DD for O. asiaticus, 340.8 DD for A. barabensis, and 251.6 DD for C. dubius. The greatest percentage hatch of O. asiaticus (71.06%), A. barabensis (75.28%), and C. dubius (87%) occurred at 27.3, 27.8, and 27.4ЊC, respectively. Thermal death points of the three grasshopper species were 41.0ЊC, 40.5, and 44.8ЊC, respectively. The optimal temperature ranges of each species were different, 21.9 to 32.7ЊC for O. asiaticus, 22.0 to 33.5ЊC for A. barabensis, and 17.8 to 37.1ЊC for C. dubius. These results suggest that postdiapause embryonic developmental rate and accumulated heat cannot help to explain the different hatching sequences of these species. Much variation in springtime emergence could be attributed to the species-speciÞc overwintering egg stage. In addition, results also indicate that C. dubius has a wider adaptive temperature range than O. asiaticus and A. barabensis.
GRASSHOPPERS ARE IMPORTANT PRIMARY consumers and major pests of grasslands wordwide (Anderson 1964 , Lockwood et al. 1994 . Three of the most dominant and economically important grasshopper species that affect the steppe grasslands of ChinaÕs Xilin River basin region in Inner Mongolia are Oedaleus asiaticus Bei-Bienko, Angaracris barabensis (Pallas), and Chorthippus dubius (Zubowsky) Chen 1988, Li and . These species are sympatric, but they have different phenology. Based on unpublished data and published reports, they are univoltine and overwinter as eggs in soil. Generally, their eggs are laid from late July to mid-September, but the hatching time of Þrst instars is species-speciÞc from mid-May to early July (Li and Kang 1991, Hao et al. unpublished) . According to their hatching times, O. asiaticus could be considered an early-intermediate hatching species, A. barabensis as a late-intermediate hatching species, and C. dubius as a late-hatching species (Kang and Chen 1994a, b) . This sequence of hatching time may reßect the synchrony of life cycles with certain abiotic or biotic factors that occur in spring and summer. The hatching sequence of grasshoppers also may be the result of adaptation over their long evolutionary history.
The importance of temperature and accumulated heat as a driving force for the development of eggs, nymphs, and adult grasshoppers has been determined in a number of studies. These reports indicate that grasshoppers have different low development threshold (LDT) temperatures and sum of effective temperature (SET). The factors that affect hatching time include soil temperature, oviposition sites, pod depth, pod orientation, soil moisture, and the embryonic stage of overwintering eggs (Pepper and Hastings 1952 , Gage et al. 1976 , Anderson et al. 1979 , Gillis and Possai 1983 , Hewitt 1985 , Kemp 1986 , Kemp and Sanchez 1987 , Fisher 1994 .
Although many aspects, including population dynamics (Wang et al. , 1988 , egg deposition selection (Liu et al. 1990 ), food selection (Li et al. 1983 (Li et al. , 1987 Li and Chen 1985) , and resource utilization (Kang and Chen 1994a, b) , of these three grasshopper species have been studied, there is little available in-formation on the role of temperature on egg development and hatching characteristics. To improve both the accuracy of population predictions and captive management of these species, we conducted experiments to determine their low developmental threshold temperatures, the sum of effective temperatures, and the optimal temperature conditions required to complete embryonic development and hatching. The information obtained is essential for the construction of models that simulate the effect of temperature ßuc-tuations on the developmental rate and hatching success of postdiapause eggs. In addition, we attempt to explain whether the developmental threshold and accumulated heat of postdiapause eggs are the primary reasons for the observed variation in hatching sequence of these three species.
Materials and Methods
Egg Origin and Collection. The eggs of the three grasshopper species were obtained from adults collected at the Chinese Academy of SciencesÕ Inner Mongolia Grassland Ecosystem Research Station (43Њ 26ЈÐ44Њ 08Ј N, 116Њ 04ЈÐ117Њ 05Ј E), which is at an elevation of 1000 Ð1,050 m. Adult grasshoppers were caged in a rearing box maintained at 30 Ϯ 1ЊC during the day and at 25 Ϯ 1ЊC at night with a photoperiod of 14:10 (L:D) h. Grasshoppers were fed with fresh host plants collected from the Þeld (Li et al. 1983 , Li and Chen 1985 . Soil from the collection site was sifted through a 2-mm sieve and placed on the bottom of boxes as oviposition substrate. The depth of this soil layer was Ϸ15 cm, and it was moistened with water to keep it wet.
Preparation of Eggs. Egg pods were collected from the oviposition cages weekly and prepared for study as follows. Egg pods were sifted from soil and placed in small plastic boxes, which contained washed silica sand (40 mesh) that had been moistened to the point of being wet but without free-standing water. The boxes with egg pods and sand were placed in a 25 Ϯ 1ЊC incubator for 60 d to allow the eggs to reach the diapause stage, and then they were subjected to a low-temperature treatment of 0 Ϯ 1ЊC for 60 d to terminate the diapause. After treatment, eggs were removed from pods and placed, 20 per box, on the top of moistened, sieved soil from the collection site in small (5 by 5-cm) plastic boxes with lids. Treatments with Þve replicated boxes for each species (100 eggs total) were placed in growth chambers maintained at constant temperatures (Ϯ0.5ЊC) of 15, 20, 25, 30, 35 , and 40ЊC, respectively. Egg hatch was monitored daily for up to 90 d. If eggs turned ßaccid, brown, or moldy, they were considered dead. Otherwise, those that were cream colored and turgid were considered alive, even after 90 d (Fisher 1997) . Live eggs were dissected at the end of the experiment to determine the stage of embryonic development.
Developmental Threshold and Sum of Effective Thermal Unit. The LDT and the SET were calculated using the linear regression equation SET ϭ (T Ϫ LDT)*TIME, where T is the average temperature in the chambers, and TIME is the duration in days required for development.
Developmental Rate. The rates of postdiapause embryonic development were Þtted to mean developmental duration (days) data by using the equation
] (Stinner et al. 1974) , where R(T) is the developmental rate at temperature T, and C, k 1 , and k 2 were Þtted parameters.
Hatching Rate. The phenology model described by Dennis et al. (1986) was used to describe the egg hatching rate of the three grasshopper species.
The parameters of the model were determined for constant temperature data by using the nonlinear regression method in SPSS10.0 software. The parameter a 1 can be interpreted as the accumulated heat unit Numbers in the same column followed by the same letter are not signiÞcantly different from each other (P ϭ 0.05) according to the t-test of dependent samples (SPSS 10.0). (degree-days, DD) at which one-half of the population is in the egg stage or below. Optimal Temperature Range (OTR) and Maximal Thermal Limit. Fisher (1994) described OTR as an arbitrary Þgure, but for these species we deÞne it as the range where Ͼ60% of eggs hatch and where postdiapause development progresses rapidly. Using the number of eggs hatched per species per temperature, a quadratic equation was used to estimate the OTR and the maximal thermal limit or thermal death point (TDP) temperatures (maximum ϫ intercept). The coefÞcients of this regression equation were used to calculate maximal hatch (MH) (the ultimate point of the parabola) and the optimal hatch temperature (OTH): (OTH ϭ b 1 /2b 2 and MH ϭ a Ϫ (b 1 2 /4b 2 ). The regression had the form of the quadratic, y ϭ a ϩ b 1 ϩ b 2 x 2 (Fisher 1994) .
Results
Developmental Duration. Days to Þrst, mean, peak, and end hatch of O. asiaticus were shorter than in A. barabensis and C. dubius, but there was no signiÞcant difference between the two species. However, in C. dubius these parameters were signiÞcantly shorter than in A. barabensis. The accumulating thermal unit to mean, peak, and end hatch of O. asiaticu and C. dubius was not signiÞcantly different, and signiÞcantly less than that of A. barabensis. Even though A. barabensis had the longest days and largest thermal unit on each day, the thermal units to the Þrst hatch day of all species were not signiÞcantly different (Table 1) .
Developmental and Threshold Temperature. The rates of development data were Þtted to StinnerÕs model, and the linear regression equation. Both models had acceptable accuracy (r 2 Ͼ0.9). The StinnerÕs function had a bigger r 2 value than the linear regression model (Table 2 ; Fig. 1 ). We found that the StinnerÕs function was a better predictor of egg hatching (instar 1 occurrence) based on comparison of the a Total number of eggs that survived to hatch from 100 eggs per regime (20 eggs ϫ 5 replicates).
differences between observed and predicted mean days required to complete postdiapause development at various constant temperatures (Table 3) . The low developmental threshold temperature of O. asiaticus was 13.1ЊC, greater than that of the other two species. But the greatest sum of effective thermal unit was 329.7 DD for A. barabensis (Table 2 ; Fig. 1) .
Hatch Rate. The hatch rates of postdiapause eggs of the three grasshopper species were observed. At 15 and 40ЊC, only 12 and 6%, respectively, of O. asiaticus eggs hatched. Two percent of A. barabensis eggs hatched at 15ЊC, but none hatched at 40ЊC. Thirty-six of C. dubius eggs hatched at 15ЊC and 62% at 40ЊC ( Table 3 ). The cumulative frequency distribution of the hatching eggs could be best described by the phenology model y ϭ 1 Ϫ 1/{1 ϩ exp[ Ϫ (a Ϫ x)/ (bx) ]}, r 2 ϭ 0.8943 and Þnal loss ϭ 10.231, where y is the cumulative percentage of hatched eggs and x is the sum of effective thermal unit (Fig. 2) . The thermal units at which the hatching percentage of eggs for each species were 10, 25, 50, 75, and 90% were estimated using the abovementioned models. The results indicate that A. barabensis (160 DD) eggs in the 10 to 90% range required more thermal units to hatch than those of O. asiaticus (126 DD) and C. dubius (115 DD). (Table 4 Fig. 3 ).
Discussion
Development. The Þrst instars and adults of many grasshopper species occur in different parts of summer . These species have a Þxed egg hatching sequence in summer from year to year. There may be several factors that inßuence the hatching time of grasshoppers (Kemp and Sanchez 1987) . First, the low developmental threshold temperatures and the sum of effective thermal units of grasshopper eggs are different among species. These properties could cause the observed asynchrony in the life cycles of the three species we studied. Second, because the depth of eggs in soil is different for each grasshopper species, eggs may accumulate different thermal units and so complete their embryonic development and hatch at different times. Third, the timing of oviposition during summer or early fall also may contribute to the differences in hatching time of the grasshopper species. The eggs of some later hatching grasshopper species laid in the fall would not receive sufÞcient heat during autumn to achieve diapause stage. Additionally, the prediapause development of grasshopper eggs might be interrupted by moisture stress (Onsager 1986, Mukerji and Gage 1978) . Late-hatching species may over- winter at the prediapause stage or their diapause may occur in the early embryonic developmental stage. Kemp and Sanchez (1987) found that the eggs of Melanoplus sanguinipes (F.) required fewer accumulated DD (above 10ЊC base) at a constant temperature of 23.3ЊC to complete postdiapause development than those of Aulocara elliotti (Thomas). But, springtime Þeld observations revealed that A. elliotti nymphs emerged before, or concurrent with, M. sanguinipes. His results suggest that A. elliotti nymphs emerge over a shorter interval than M. sanguinipes. The high variation in springtime emergence could be attributed to species-speciÞc oviposition sites, pod depth, and pod orientation, resulting in A. elliotti eggs accumulating heat more rapidly than those of M. sanguinipes. Fisher (1994) reported that M. sanguinipes and M. bivittatus had similar developmental curves with low developmental thresholds of 10.4 and 9.8ЊC, respectively. M. differentialis had a slower development curve and the low developmental threshold was 8.8ЊC. In Þeld observations, however, the hatching time of M. differentialis eggs was 2Ð 4 wk later than those of M. sanguinipes and M. bivittatus. Our results are similar to those of Kemp and Sanchez (1987) , but different from Fisher (1994) . So, the low developmental threshold temperature and the sum of effective thermal unit cannot sufÞciently explain the variation found in the hatching times of grassland grasshoppers.
However, the depth of egg pods in the soil also was different in the three grasshopper species studied. O. asiaticus and A. barabensis are medium-to-large grasshoppers that deposit their egg pods Ϸ4 Ð 6 cm below the soil surface. In contrast, C. dubius is a small grasshopper, and its eggs are deposited only Ϸ2Ð3 cm below the soil surface (Liu et al. 1990 ). Because the temperature of soil changes with depth from the surface, eggs at different depths experience different microhabitat temperatures. The deeper the egg pods, the less cumulated effective heat they receive. However, Þeld observations indicate that Þrst instars of C. dubius emerge later than those of O. asiaticus and A. barabensis, and Þrst instar nymphs of. O. asiaticus earlier than those of A. barabensis. Therefore, difference in egg pod depth also cannot explain the hatching sequence of these three grasshopper species.
According to our results, the low developmental threshold temperature of C. dubius and A. barabensis were similar, and lower than that of O. asiaticus. The sum of effective thermal unit of C. dubius was intermediate between those of O. asiaticus and A. barabensis. The durations of postdiapause development for O. asiaticus and C. dubius were similar at various con- Fig. 1 ). These data indicate that there were signiÞcant differences in the accumulated degree-days at which 50% of eggs hatched among these three grasshopper species (Fig. 2) . The durations from Þrst to last hatch of O. asiaticus and C. dubius spanned a shorter time than in A. barabensis. We suggest that spring temperature is not the primary factor affecting differences in hatching time among these species. C. dubius has similar accumulative thermal units and duration of postdiapause development to O. asiaticus, but less than A. barabensis. Why was C. dubius the latest hatching grasshopper species? The most probable reason is that because C. dubius overwinters as prediapause eggs and enters diapause development in spring, it requires more accumulated thermal units to complete embryonic development in the following spring and summer. Indeed, by dissecting egg pods collected from local Þelds in the end of October, we found that C. dubius was overwintering at embryonic stages 9 Ð13 (Hao, unpublished) . This raises the question of how C. dubius completes its diapause development in spring and what conditions are required for C. dubius to terminate diapause. More research is required to resolve these issues. Developmental Optima. Maximum survival to hatch occurred over the range of 25Ð30ЊC for the three species, with survival decreasing rapidly at Յ20ЊC and Ն35ЊC; only a few hatchings occurred at 15 and 40ЊC (Table 3 ). The OTH of the three grasshopper species were similar, but the MH of C. dubius was signiÞcantly higher than those of O. asiaticus and A. barabensis. The TDP and OTR of C. dubius were wider than those of O. asiaticus and A. barabensis. C. dubius seems to have adapted to a rather wider temperature range compared with the other two species. O. asiaticus has adapted to occur within narrower temperature conditions than A. barabensis. Indeed, C. dubius has been recorded as an important pest over a wider area than O. asiaticus and A. barabensis (Kang et al.1991; Wang et al. 1987 Wang et al. , 1988 .
At 15ЊC, some eggs remaining alive (cream colored and turgid), but at the end of the experiment they cannot hatch. When living eggs that had not hatched were dissected, we found that some eggs developed beyond stage 19 to stages of 25Ð26 and had completed blastokinesis; others were still in stage 19. This indicates that the developmental threshold might be lower than the hatching threshold. Even if development had Þnished, the hatching could not be completed successfully. If eggs remain indeÞnitely at a temperature below the hatching threshold, all embryos would eventually perish because embryogenesis would be completed but hatching could not occur (Fisher 1997) .
In this research, we quantitate temperature-dependent conditions required to complete embryonic development and hatching in three economically important grasshoppers from Inner Mongolian grassland of China. The results indicated that there were difference of low developmental threshold temperature and sum of effective thermal units for egg postdiapause development between the three grasshopper species, but it cannot sufÞciently explain the ordered sequence of the grasshoppers. This phenomenon may reßect the complex relationship between grasshoppers and environmental condition. Cherrill (2002) suggested that the diversity of life histories exhibited by grasshoppers would provide a useful tool for comprehending adaptive strategy of organism to nature. Although the results of this study cannot directly be used in forecasting, the data are very useful to grasshopper management in China, especially for parameterizing population dynamic models and predicting techniques.
